Cs penetration in the western Pacific appear to be related to distinct water mass subduction pathways; however, the timing and rapidity of deep penetration over the broad scales observed has yet to be clarified.
Introduction
A substantial quantity of radionuclides was released to the atmosphere and discharged into the North Pacific Ocean in the spring of 2011 during the Fukushima nuclear power plant (FNPP) accident. Starting a few days after the 11 March tsunami, overheating at the FNPP led to an explosive release of gases and volatiles to the atmosphere, which were deposited as fallout. It was estimated that 70-80% of the discharge to atmosphere was deposited over the ocean [Yoshida and Kanda, 2012] . The direct discharge to the ocean of radioactive waters from emergency cooling waters and groundwater peaked on 6 April 2011 [Buesseler et al., 2011] . Orders of magnitude lower discharges of cesium continue to this day via groundwater and river discharge [Kanda, 2013; Nagao et al., 2013] . Studies reporting the total magnitude of the FNPP release to the environment present a substantial range in no small part due to the range in estimates for total 137 Cs entering the ocean which range from about 3.5 to 53 PBq, with equal amounts of 134 Cs [Chino et al., 2011; Stohl et al., 2012; Bailly du Bois et al., 2012; Tsumune et al., 2012; Charette et al., 2013; Rypina et al., 2013; Miyazawa et al., 2013] .
The FNPP is located at approximately 141.0°E, 37.4°N in an oceanographically active region between the subtropical and subpolar gyres. In the western North Pacific, the Kuroshio, a subtropical gyre western boundary current, brings warm water from the tropics and the subtropics northward along the continental slope of Japan carrying some 60-80 sverdrup (10 6 m 3 /s) [Worthington and Kawai, 1972; Imawaki et al., 2001; Book et al., 2002; Macdonald et al., 2009] . The Oyashio is the southward flowing western boundary current of the Western Subarctic Gyre. The FNPP is situated slightly north of the Kuroshio separation point on the northeast coast of Japan's Bōsō Peninsula at~35°N and south of the Oyashio's entrance into the Pacific on the eastern side of Kuril Islands at~45.5°N. This particular location meant that once beyond the continental shelf, FNPP contaminated waters entered the Kuroshio and Oyashio confluence region characterized by strong currents and eddy mixing. The importance of the Kuroshio and its associated eddies was revealed by one of the earliest surveys in June 2011, showing that the location of the highest Fukushima-derived Cs concentration coincided with the near-shore eddies, while nondetectable Cs levels were observed to the south of the Kuroshio [Buesseler et al., 2012] . Flowing eastward with the energetic, highly variable inertial jet, the contaminated water mass was strongly influenced by both the meanders and mesoscale eddies in the Kuroshio Extension (KE) [e.g., Rypina et al., 2013] .
In the 3 years since the accident, water samples at various locations have been collected by a number of different research groups and are currently being analyzed to determine the breadth and timing of horizontal propagation and the depth of the vertical penetration of radionuclides into the North Pacific Ocean. It has taken both time and resources for in situ water sampling to develop a database of observations capable of • Supporting Information S1
• Figure S1 • Table S1 Correspondence to: S. Yoshida, syoshida@whoi.edu Citation: Yoshida, S., A. M. Macdonald, S. R. Jayne, I. I. Rypina, and K. O. Buesseler (2015) , Observed eastward progression of the Fukushima 134 Cs signal across the capturing the widespread distribution of FNPP radionuclides, including its vertical structure. In the meantime, numerical modeling has been widely used to predict the location and the level of contamination from the FNPP. In the coastal regions, several model simulations suggest that shortly after the major discharge event, the transport pathway of the radionuclides was strongly influenced by the coastal currents and near-shore eddies, which led to relatively fast exchanges between contaminated and uncontaminated waters [Miyazawa et al., 2013; Masumoto et al., 2012] . This result was supported by in situ Cs observations [Buesseler et al., 2012] and surface drifters deployed within 400 km of FNPP, which showed the majority of trajectories leaving coastal regions to be advected into the subtropical gyre circulation on a time scale of weeks to months .
Numerical tracer simulations indicate that the long-term (years to a decade) evolution of the horizontal advection of Fukushima-contaminated waters is strongly affected by the interaction with mesoscale eddies and current instabilities, which increase the dilution of contaminants. Generally, numerical simulations suggest that the bulk of the tracer moved eastward following the surface currents in the North Pacific, crossing the basin from Japan to the U.S. West Coast in about 3-5 years, and penetrating vertically to depths of 200 to 600 m [Rossi et al., , 2014 Behrens et al., 2012] . Similar travel times across the basin were also indicated by historical surface drifter data [Rypina et al., 2014] . Detection of FNPP Cs has recently been reported on the Canadian continental shelf with concentrations of about 2 Bq/m 3 in the upper 150 m [Smith et al., 2014] .
Here using Cs concentration estimates from water samples collected on oceanographic expeditions occupied from 2012 to 2014, we present observational findings that describe the propagation and spatial distribution of Fukushima-derived Cs isotopes in the North Pacific 1-3 years after discharge.
Data and Analysis Method
The Cs observations analyzed in this study consist of 78 surface and 30 profile samples collected from six cruises occupied from 2012 to 2014 (Figure 1 ). Relatively speaking, the far western basin is better sampled, with a greater number of observations available near Japan and fewer over the broader region of the central and eastern Pacific. In 2012, surface water samples were collected along a section occupied by the Sea Dragon Cruise (operated by the Two Hands Project: www.twohandsproject.org) from Yokohama to Hawaii (June to July 2012) and along the Plastics at Sea section occupied by the sailing school vessel Robert C. Seamans (operated by the Sea Education Association: www.sea.edu) from San Diego to Hawaii (October to November 2012). All the samples were analyzed onshore in the lab using one of two resin-based methods: ammonium molybdophosphate on an organic polymer polyacrylonitrile or potassium-nickel hexacyanoferrate (II) [Šebasta and Štefula, 1990; Kamenik et al., 2013; Pike et al., 2013] . [Buesseler et al., 2011] . All sampling locations and Cs concentration are provided in Table S1 in the supporting information.
Surface Concentration and an Eastern Edge of the Fukushima Signal
Based on the observations described in preceding section, from 2012 to 2014, the 134 Cs concentrations reflecting FNPP contaminated waters ranged between 0.5 and 10 Bq/m 3 everywhere except for two locations with the higher activities near Japan (Figure 2 ). At these two sites, samples collected from the R/V Mirai 2012 cruise indicate the concentrations of 42.9 Bq/m 3 at 140.9°E, 36.9°N and 14.7 Bq/m 3 at 141.5°E, 36.5°N. Both sites are located just south of the FNPP within a distance of 100 km from the plant. Such high concentrations a year after the accident are likely due to the continued discharge [Kanda, 2013] ; a conclusion that is further supported by the fact that the distribution of cesium close to the FNPP is spatially inhomogeneous and fluctuates on short time scale due to the transient variability of coastal currents. Therefore, it is to be expected that the observed values, while sensitive to the discharge, also depend on the exact time and location at which water samples were taken. Figure 2B ). All stations located east of 160.6°W showed no evidence of 134 Cs arrival as of 2013. Fukushima radionuclides were discharged from FNPP at a latitude of about 37°N, and according to both modeling [Rossi et al., , 2014 Behrens et al., 2012; Garraffo et al., 2014] and observation-based studies, the main plume was initially advected eastward along the KE. While contamination stayed mostly on northern side of the strong KE in the western basin, the plume began to spread across the current axis as it moved eastward, eventually following the North Pacific Drift in the eastern Pacific (Figure 1 , orange arrows). Located south of the KE axis at to 2013 along 30°N is also consistent with but slightly slower than the estimates based on the historical drifters passing near Fukushima and traveling into the North Pacific [Rypina et al., 2014] and numerical model simulation estimates that suggest tracer arrival to the east of 170°W at 30°N by June 2012 [Rossi et al., , 2014 Behrens et al., 2012; Garraffo et al., 2014] .
Samples taken along the zonal line at 30°N ( Figure 2B) [Buesseler et al., 2012]) suggests that 2 years of dilution processes supported by ocean mixing and horizontal advection are well on [Rossi et al., , 2014 Behrens et al., 2012; Garraffo et al., 2014] .
In 2014,
134
Cs was detected along the MLML transect both in the central Alaskan Gyre and at one of the stations in the vicinity of the California coast ( Figure 2C ). The MLML transect is situated north of the bifurcation zone of the subtropical gyre in the eastern North Pacific and intersects the Alaska Current, which is a northern branch of the North Pacific Drift. The detection of Figure 2C ). Unfortunately, the Cs observations are too coarse to resolve the underlying physics explaining this single elevated point. However, likely candidates include processes associated with mesoscale or smaller-scale ocean variability, particularly in the highly eddy-rich California Current region. (Figure 3) . The observation at 30°N suggested that there was no detectable 134 Cs found east of 160.6°W either at the surface or within the observed water column in 2013 ( Figures 2B and 3, j-m) . West of 175°E (Figure 3 , a-e), 134 Cs was observed to penetrate down to 500 m with subsurface 134 Cs maxima at~300 m for all the profiles. As the plume of contaminated water progresses eastward, near the dateline (Figure 3, f-g ), the subsurface maximum is most pronounced at~150 m depth, but detectable isotope was found to clearly penetrate down to 300 m at all stations west of 177.3°W (Figure 3, a-g ). At the eastern edge of the FNPP Cs plume near 160°W, 134 Cs activity was confined to the upper few hundred meters with a weak subsurface maximum at 150 m and no sign of the deeper penetration seen to the west (Figure 3 , h-i). Further detail on the 134 Cs vertical structures cannot be captured by the four observed depths available; however, based on these observations it can be concluded that the subsurface maximum in FNPP 134 Cs concentration increases with depth to 300 m and possibly deeper in the western Taking advantage of the simultaneous temperature and salinity measurements provided by 2013 P02 transect (30°N), density surfaces, and mixed layer depths (MLD) were calculated ( Figure 4A ) to further elucidate the physical mechanisms responsible for the observed patterns of 134 Cs. Here MLDs (black solid line in Figure 4) are defined as the depths where density has increased by 0.125 kg/m 3 over its surface value [Levitus, 1982] . At the end of March to May when the P02 expedition was conducted, the zonal mean MLD along the 30°N section was 62 ± 29 m. Consistent with P02 crossing through the center of the North Pacific subtropical gyre at 30°N, the observed density structure is characterized by the shoaling of isopycnal surfaces from west to east. Our first two Cs profiles are located 147.8°E and 154.7°E ( Figure 4A , a-b). Here Fukushima
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Cs penetrates down to at least 500 m, just below 26.0σ θ ( Figure 4A, a-b) . With slightly deeper profiles between 165°E and 180°, 134 Cs is found at 600 m slightly above 26.5σ θ ( Figure 4A, d-f ). In spite of similarly deep profiles to the east of the dateline, shallower penetration associated with a maximum density of 25.5σ θ is found between 165°W and 160.6°W ( Figure 4A, h- 
Cs is found east of 160.6°E ( Figure 4A, j-m) . West of 180°, the only indication of a maximum depth of penetration, available from these observations, is from the deepest sample collected from 160°E ( Figure 4A , c) that did not contain detectable levels of 134 Cs. Note also that near the dateline, the depth of 134 Cs penetration depth shoals drastically over a relatively short distance from 26.5σ θ at 178.4°E ( Figure 4A , f) to 26.0σ θ at 177.3°W ( Figure 4A, g ) to 25.5σ θ at 168.6°W ( Figure 4A, h ).
Discussion
In the western Pacific, strong wintertime heat loss to the atmosphere results in deep convective mixing south of the KE [Rainville et al., 2014] . This region is the formation site of a distinct water mass known as North Pacific 3°N, 144.6°E [e.g., Tomita et al., 2010] . In as far as one accepts that the MLDs observed at KEO are representative of western Pacific deep mixing events, the observed deep 134 Cs intrusion to greater than 500 m cannot be fully explained by the wintertime deep convective mixing except perhaps in terms of stronger local storm events. Sporadic local events are, however, unlikely to produce such deep penetration spread along a track 3000 km in length ( Figure 4A , a-f).
The distribution of mode waters along the P02 transect is described by the subsurface minima in potential vorticity (PV) associated with strong mixing [Talley, 1988] ( Figure 4B ). The homogeneous low PV waters (<2.0 × 10 À10 m À1 s
À1
) extend from below the mixed layer down to the 25.5σ θ isopycnal surface west of the 180°. This isopycnal surface reaches depths of 500 m at 140°E but shoals to 300 m at 180°, which is qualitatively consistent with the behavior of the observed 134 Cs penetration depth (i.e., deepening to the west and shoaling to the east). Note, however, that 134 Cs was observed to have penetrated to a deeper level than the typical NPSTMW layer depth, suggesting that the particular water mass associated with this Cs penetration was denser than the typical NPSTMW.
The deepest 134 Cs penetrations observed between 165°E and 180°were in the density range of the Central Mode Water (CMW), which would imply a connection to the subduction of Cs contaminated waters during CMW formation. The formation region for CMW lies to the north of the Kuroshio Front between 33°N-39°N and~142°E-160°W [Oka and Qiu, 2012] , where lighter CMW is subducted into the permanent pycnocline through lateral induction, while denser CMW is entrained into deep mixed layer. However, the time scale for CMW to be transported from the formation region to the western Pacific is estimated to be order of 10 years, even longer for the denser variety CMW [Suga et al., 2008] , suggesting that the deep 134 Cs observed in 26.5σ θ barely 3 years after the release is unlikely to be explained by CMW processes.
North Pacific Intermediate Water (NPIW), characterized by salinity minimum water near 26.8σ θ isopycnal, is another distinct water mass extensively observed in the North Pacific subtropical gyre. Originating in the subarctic, NPIW is formed as a result of fresh surface subarctic water advecting and diffusing along isopycnals into the subtropical circulation at Kuroshio-Oyashio confluence region [Talley, 1993; Qiu, 1995; Yasuda et al., 1996; Kouketsu et al., 2007] . Considering the estimated NPIW formation time scale of 1-1.5 years [Simizu et al., 2004] , the Fukushima Cs discharged near NPIW formation site might have been transported to the middepth subtropical gyre circulation following the NPIW pathways, which may potentially explain the relatively rapid deep penetration of the 134 Cs in our observations.
Another possible mechanism for what appears to be relatively rapid and deep 134 Cs penetration is subduction along the Kuroshio front as suggested by a modeling study of Garraffo et al. [2014] . In this numerical experiment, tracers were transported southward across the current front by subduction along the steeply sloping isopycnals, creating a maximum at about 600 m south of the Kuroshio and KE fronts. A more detailed examination on the cause of the rapid and deep penetration of the 134 Cs suggested by the observations between 165°E and the dateline is currently underway and will be reported elsewhere.
Summary
Here we present analysis of Fukushima-derived cesium observed from water samples collected in the North Pacific from oceanographic transects occupied from 2012 to 2014. spreading of the radioactive plume and to shed light on the underlying physical processes. The 134 Cs radioisotope, which carries a footprint unique to the FNPP accident, was observed to extend along the 30°N transect to 174.3°W in 2012 and farther east to 160.6°W in 2013, suggesting an eastward propagation speed of 15°of longitude a year (~5 cm/s). Consistent with the observation location to south of the expected main axis of the plume, the observed eastward spread of 134 Cs along 30°N is slightly slower than the estimates derived based on near-surface drifters [Rypina et al., 2014] and the speed predicted by numerical models [Rossi et al., , 2014 Behrens et al., 2012; Garraffo et al., 2014] . Cs was observed along a transect between Dutch Harbor and Eureka crossing the Alaskan gyre. The appearance of Fukushima Cs at this location agrees well with numerical model and drifter-based predictions [Rossi et al., , 2014 Behrens et al., 2012; Garraffo et al., 2014; Rypina et al., 2014] and is consistent with the results reported by Smith et al. [2014] along Line-P who observed the arrival of In the west, 134 Cs was observed to reach the NPSTMW layer, implying that the deep 134 Cs penetration could be the result of wintertime convective mixing and the associated mode water formation process. However, some of the observed Cs was located denser and deeper than NPSTMW and thus cannot be explained by the deep convective mixing alone. A number of possible theories were presented, but exactly how Fukushima-derived Cs could be brought down to 600 m within 3 years of the release has yet to be clarified. Numerical model simulations that resolve the frontal-scale dynamics in the KE front will be an important component of future analyses, but to both ground truth these models and to better understand the role of ocean circulation and vertical mixing processes in the spatial distribution and eastward progression of the 134 Cs in the North Pacific, sustained water sampling and hydrographic observations are critical.
